Abstract Although the functions of hormones and neuropeptides in the thymus have been extensively studied, we still do not know whether these intra-thymic humoral elements are released in a stimulated manner via the regulated secretory pathway or in a constitutive manner. Carboxypeptidase E (CpE) and chromogranin A (CgA) are functional and structural hallmarks of the regulated secretory pathway in (neuro)endocrine cells. Whereas we have previously shown a CgA-positive neuroendocrine population in the chicken thymus, the current study assesses the expression of CpE in the thymus, both at the mRNA and the protein level. Our immunohistochemical studies provide evidence for the co-existence of CgA and CpE in identical neuroendocrine cells in the thymus. CpE and CgA dualpositive cells have primarily been found in the transition zone between the cortex and medulla of the thymus, an area known to contain numerous arterioles and to be innervated by the autonomic nervous system. Our findings suggest that the diffuse neuroendocrine system serves as a relay for nervous stimuli delivered by the sympathetic and/or parasympathetic nervous system. Thus, these newly defined neuroendocrine cells might play an important role in the immuno-neuro-endocrine cross-talk in the thymus, potentially enabling thymopoiesis to be fine-tuned via the regulated secretory pathway by a variety of physical and environmental factors.
Introduction
The thymus is the primary lymphoid organ for T-cell development and thus plays a pivotal role in the vertebrate cellular immune system. Considerable evidence has been presented that the thymus is also the source of an evergrowing list of hormones and neuropeptides (for reviews, see Lamberts 1999; Bodey 2002) . The immunological significance of these neuro-endocrine elements has been intensively investigated. Hormones take an essential part in establishing central T-cell tolerance (Kyewski and Klein 2000) . For example, thymic epithelial cells express insulin causing the clonal deletion of insulin-reactive T-cells (Palmer 2003) . However, mounting evidence shows that thymic neuropeptides also function as humoral signaling factors affecting T-cell development and maturation. In this context, neuropeptides act as immunomodulators (Lamberts 1999 ) that participate in homeostatic regulation, providing essential growth regulatory signals (ranging from proliferative to pro-apoptotic) to thymocytes. In addition, they affect cytokine secretion (Mukamoto et al. 1999; Bodey et al. 2000; Mukamoto and Kodama 2000; Bodey 2002 ). For instance, somatostatin, a neuropeptide mainly produced in the brain, is highly expressed in murine thymus and has been shown to be able to regulate thymocyte development and migration (Solomou et al. 2002) .
Neuropeptide expression in the thymus is evolutionarily well conserved in vertebrates (Silva et al. 2006) . In birds, various thymic neuropeptide-positive cells, containing peptides such as neurotensin, met-enkephalin, neuropeptide Y, substance P, and vasoactive intestinal polypeptide have been demonstrated immunohistochemically (Atoji et al. 1997 ).
Other studies have demonstrated the presence of immunoreactive pro-opiomelanocortin-derived molecules in the thymus of 4-day-old chickens, with cell numbers increasing with ageing (Ottaviani et al. 1997; Franchini and Ottaviani 1999) . In addition, nitrergic and peptidergic innervation of the chick thymus has been described by Gulati et al. (1997 Gulati et al. ( , 1998 .
Although the immune effects of these humoral elements on T-cell physiology are now being elucidated, their pathway of secretion is largely unknown. Neuroendocrine cells secrete proteins via one of two distinctively different pathways, i.e., either the constitutive secretory pathway or the regulated secretory pathway. In the regulated secretory pathway, proteins such as pro-hormones and pro-neuropeptides mature in the secretory granules of the neuroendocrine cell through a number of post-translational modifications, and a specific extracellular (depolarizing) stimulus is required for delivery (Ca 2+ -dependent exocytosis) of the secretory products to the outside of the cell. Chromogranin A (CgA), a cargo protein in large dense-core vesicles (LDCV), is essential for regulated secretory vesicle biogenesis in (neuro)endocrine cells. Secretory granule formation has been shown to be largely lost when CgA expression is inhibited, whereas the knock-in of bovine CgA into CgA-deficient PC12 cells restores the regulated secretory pathway (Kim et al. 2001 (Kim et al. , 2002 . Some controversy exists regarding these ex vivo findings, since a CgA knock-out mouse has been found to have no phenotype with respect to granule biogenesis (Hendy et al. 2006) . However, other knock-out mice generated by Mahata's group (Mahapatra et al. 2005) and transgenic mice harboring short-interferring RNA for CgA (Kim et al. 2005) have provided further evidence in support of an essential role for CgA in regulating dense-core secretory granule biogenesis. These CgA-lacking mice exhibit a decreased number, size, and electron density of granules formed in adrenal chromaffin cells (Kim et al. 2005; Mahapatra et al. 2005 ). CgA has also been shown to upregulate LDCV biogenesis by activating the expression of a protease inhibitor, viz., protease nexin-1, to stabilize LDCV cargo proteins against degradation in the Golgi apparatus in endocrine pituitary cells (Kim and Loh 2006) .
Another crucial element in the process of sorting and processing of prohormones appears to be carboxypeptidase E (CpE, previously also referred to as CpH; Hook et al. 2004) ). CpE per se is an exoproteolytic processing enzyme present in the Golgi apparatus and secretory granules of neural/neuroendocrine cells. Its function is to remove basic amino acid residues exposed upon endoproteolytic cleavage of the hormone precursor by a specific prohormone convertase at the site of a dibasic pair (e.g., Lys-Lys). The membrane-bound form of the enzyme is anchored in the wall of the secretory granules through its COOH-terminal, which also serves as a sorting receptor for several prohormones and proneuropeptides in neuroendocrine cells (Zhang et al. 1999; Dhanvantari et al. 2002) .
In our previous study, we have shown the existence of a complex neuroendocrine cell population within the chicken thymus, including a CgA-immunoreactive cell population (Oubre et al. 2004 ). Here, we further investigate the expression of CpE in the chicken thymus and, more specifically, in the previously described CgA-positive cells. The co-existence of two LDCV markers, CpE and CgA, in the same cells would suggest that a neuroendocrine subtype cell population exists in the chicken thymus, and that the release of the neuropeptides in the thymus occurs, at least partly, through the regulated secretory pathway.
In this study, the cDNA sequence of chicken CpE was first assembled in silico, and a reverse transcription polymerase chain reaction (RT-PCR) was performed to examine the production of CpE mRNA within chicken thymus. In addition, an immunocytochemical approach was used to confirm the presence of CpE in broilers and laying hens at various ages and to assess its cellular co-localization with CgA, and with a neuropeptide, somatostatin.
Materials and methods
Chicken CpE cDNA sequence A chicken CpE cDNA contig was assembled in silico based on the public chicken expressed sequence tag (EST) and chicken genome databases. The human CpE cDNA sequence (GI: 31565486) was compared with the available sequences in the chicken EST database (http://www. chickest.udel.edu/Cogburn_CAP3_DB/blast.html). The resulting EST sequences with high homology were assembled into one consensus sequence by using the CAP3 program at http://deepc2.zool.iastate.edu/aat/cap/cap.html. The assembled chicken CpE cDNA sequence was then verified by comparison with the chicken whole genome database (http://genome.ucsc.edu/cgi-bin/hgBlat). The predicted amino acid sequence of chicken CpE was deduced by use of the NCBI ORF (Open Reading Frame) Finder (http://www.ncbi.nlm.nih.gov/gorf/gorf.html).
CpE RT-PCR and sequencing
Total RNA was extracted from normal broiler chicken thymus by using Trizol (Invitrogen, Carlsbad, Calif., USA) according to standard protocols. Total RNA was reversetranscribed to cDNA with Omniscript reverse transcriptase (Qiagen, Valencia, Calif., USA) by using random hexameroligos as the primer (1 μM). The cDNA (5 μl) was then amplified by PCR for the detection of CpE. The PCR mixture contained 2 mM MgCl 2 , 50 mM KCl, dNTP mix (200 μM each dNTP), and 1 μl BD Advantage 2 Polymerase Mix, including BD TITANIUM Taq DNA polymerase, a small amount of proofreading polymerase, 1.1 μg/μl BD TaqStart Antibody (Clontech, Mountain View, Calif., USA), and 0.4 μM primers. The primer pair was designed by using Primer Express 4.0 (ABI, Foster City, Calif., USA). The sequence of the forward primer was: TTGGTCGAAGTAATGCCCAGG (Tm 61°C) and that of the reverse primer was: TCCTCCCAATAGCCCTTCAGA (Tm 60°C). The expected size of the PCR product was 550 bp. PCRs were carried out under the following conditions: 95°C for 1.5 min, and 30 cycles of 95°C for 25 s and 68°C for 3 min. The PCR product was then sequenced in the Gene Technologies Laboratory, Texas A&M University, by using an ABI Prism 377XL DNA Sequencer.
Immunocytochemistry
White Leghorn chicks (8 days, 6 weeks, and 17 weeks old) were obtained from a local hatchery (Hy-line). Thymic, pituitary, and adrenal tissues were harvested and fixed for 24 h at room temperature in Bouin-Hollande sublimate. The tissue blocks were then processed for paraffin embedding by using routine laboratory protocols. Tissue sections (9-10µm thick) were cut on a rotary microtome MT 980 (Boeckeler Instruments, Tucson, Ariz., USA)
Immunohistochemical reagents and primary antibodies TBST is a TRIS-buffered saline containing 0.1% Triton X-100, pH 7.4. Trizma base, Triton X-100, and diaminobenzidine (DAB) were obtained from Sigma (St. Louis, Mo., USA). Peroxidase-conjugated secondary antibodies, biotinylated goat anti-rabbit Ig, rhodamine red-conjugated goat anti-mouse Ig, and fluorescein isothiocyanate (FITC)-and rhodamine red-conjugated streptavidin were obtained from Jackson Laboratories (West Grove, Pa., USA). Cytoseal (a xylene-based mounting medium) was obtained from Stephens Scientific (Kalamazoo, Mich., USA). Vectashield (a water-soluble mounting medium) was purchased from Vector Laboratories (Burlingame, Calif., USA). Monoclonal anti-CgA antibodies were as previously characterized (Proudman et al. 2003; Oubre et al. 2004) . Rabbit anti-CpE C-terminal antibodies were as described in Dhanvantari et al. (2002) . In the negative control, 1 ml anti-CpE antibody (1:2000) was pre-adsorbed with 10µg CpE C-terminal peptide. Rat anti-somatostatin antibody (Mab 354) was purchased from Chemicon/Millipore (Billerica, Mass., USA).
CgA/CpE and CpE/somatostatin immunofluorescent double-staining A direct comparison between the CgA-immunoreative (ir) and CpE-ir cell populations was achieved by immunofluorescent double-staining on the same tissue section. The detailed procedure was as described elsewhere (Oubre et al. 2004) . Briefly, upon dewaxing and rehydration, the sections were incubated overnight simultaneously with both primary antibodies, i.e., monoclonal mouse anti-CgA (ascites fluid diluted 1:3000) and rabbit anti-CpE (1:1000). The next day, the sections were rinsed with TBST and incubated simultaneously with rhodamine-red-conjugated goat antimouse Ig (1:600) and biotinylated goat anti-rabbit Ig (1:500) for 90 min. Upon rinsing, the sections were finally incubated with FITC-conjugated streptavidin (3 µg/ml TBST) for 30 min, rinsed, and coverslipped with Vectashield. A similar protocol was used for CpE and somatostatin immunofluorescent dual-staining, with primary antibodies were described above. Immunoreactive cells were observed with a Zeiss Axioplan Microscope and a Zeiss Axiophot Camera Module. Photomicrographs were taken with a Spot camera.
SDS-polyacrylamide gel electrophoresis and Western blot
Chicken thymic lobes, adrenal gland, and pituitary from a 6-week-old broiler were homogenized in 0.32 M sucrose buffered with 10 mM HEPES (pH 7.4) with a glass Dounce homogenizer. Ten percent (v/v) of a protease inhibitor cocktail (Sigma P2714) was added to the homogenate. All the reagents and samples were cooled on ice. Protein extracts were mixed with identical volumes of SDSpolyacrylamide gel electrophoresis (SDS-PAGE) reducing sample buffer (Laemmli 1970) . Equal amounts of proteins (12µg) were loaded onto a 8×8 cm 10% TRIS-HCl precast polyacrylamide gel (Bio-Rad, Hercules, Calif., USA). Odyssey protein weight markers were obtained from Li-Cor (Lincoln, Nebraska). The proteins were separated for 1 h at a constant voltage of 100 V. Immediately after separation, the proteins were electro-transferred onto a nitrocellulose membrane by using a NOVEX blotting system at 0.8 mA per cm 2 for 1 h. The membrane was blocked with blocking buffer (Li-COR) and incubated with primary antibody (1:4000) for 5 h. Goat anti-rabbit IgG conjugated to Alexa Fluor 680 (1:5000, Invitrogen, Carlsbad, Calif., USA) was applied for signal detection. The membrane was scanned with an Odyssey Infrared Imaging System (Li-COR).
Results

Chicken CpE structure and synthesis
A chicken CpE cDNA contig of 2240 bp was assembled (data not shown). The positions of exons and introns were examined by aligning the cDNA contig with the chicken genomic sequence at http://genome.ucsc.edu/cgi-bin/hg Gateway. The chicken CpE gene is located on chromosome 4 and consists of nine exons. Synthesis of CpE mRNA in the chicken thymus was established by RT-PCR (Fig. 1) and confirmed by sequencing of the resulting PCR product.
The predicted chicken CpE protein (Fig. 2) consisted of 469 amino acids, where mouse and human have been reported to consist of 476 amino acids. The calculated theoretical pI and molecular weight of chicken CpE is 5.1 and 52.4 kDa, respectively. The cDNA and protein sequence of chicken CpE, and the secondary structure, are highly conserved. The C-terminal of CpE is believed to anchor the molecule to the membrane of the secretory granules, and its sequence is identical between species. The chicken CpE contains a Zn_pept domain starting at position 168 and ending at position 458. The Zn_pept domain (a Znbinding catalytic domain of zinc metallopeptidases) is conserved among many other members of the carboxypeptidase protein family (SMART, http://smart.embl.de/).
CpE protein expression in chicken thymus
Western blotting
Chicken CpE was shown to be expressed in chicken thymus at the protein level by SDS-PAGE and Western blot (Fig. 3) . A clear band with a molecular weight of approximately 53 kDa was observed in the total protein extract from chicken thymus in Western blots. Chicken pituitary and adrenal protein extracts were used as positive controls (see Fig. 3 ).
Immunocytochemical localization
To confirm further the expression of CpE in the chicken thymus, immunocytochemistry was carried out with the same antibody as that used for Western blot. Paraffin sections of chicken thymus and pituitary were stained with an anti-CpE C-terminal antibody (Fig. 4) . In the thymus, cells displaying CpE-like immunoreactivity were located primarily on the cortico-medullary border, a region heavily innervated by the autonomous nervous system and numerous blood capillaries. Whereas the morphology of the CpE-ir cells was heterogeneous, most of the cells were round, although some had a star-like appearance with conspicuous extensions (Fig. 4c, arrows) . Some cells were doublestained, expressing both CpE and CgA (Fig. 5c, arrows) . No signal was detected on negative control slides (omission of primary antibody).
As a positive control, the pituitary showed specific typical cytoplasmic staining in groups of adjacent cells sharing an almost identical morphology reminiscent of proopiomelanocortin cells, although the phenotype of these cells in the pituitary was not determined in this experiment. However, both lobes contained CpE-positive cells (results not shown). We also found that, in the chicken thymus, some CpE-positive cells were dual-stained for somatostatin, a classic thymic neuroendocrine peptide (Fig. 6 ). In addition, CpE was expressed in chicken thymus of both young (8-day-old) and older (17-week-old) chickens and in broilers and laying hens (Fig. 7) .
Discussion
In the regulated secretory pathway of neuroendocrine cells, neuropeptide precursors are transported from the endoplasmic reticulum, the site of synthesis, to the trans-Golgi network where they are sorted into the secretory granules (LDCVs) for processing and maturation (Brakch et al. 2002; Loh et al. 2004 ). The present study has aimed at assessing the coexistence of two classical markers of the regulated secretory pathway, CgA and CpE, in the diffuse neuroendocrine Fig. 1 Agarose gel electrophoresis of CpE RT-PCR product. The specific amplicon with the expected size of 550 bp was sequenced and was shown to be 98% identical with the predicted cDNA sequence Fig. 2 Predicted chicken CpE protein sequence aligned with the human (gi:6429043) and mouse (gi:22203763) CpE sequence. The amino acid sequence of CpE appears to be highly conserved among chicken, mouse, and human (asterisks residues in this column are identical in all sequences in the alignment, filled circle semi-conserved substitutions) system in the thymus of the chicken. The immunohistochemical evidence presented in this investigation, combined with the identification of the chicken CpE mRNA by RT-PCR, has allowed us to demonstrate the co-existence of CgA and CpE in identical neuroendocrine cells in chicken thymus. To our knowledge, this has not been shown previously in any lymphoid tissue of any vertebrate species, including human thymus.
Recently, a predicted CpE mRNA of 2034 bp was added to the GenBank (XM_420392.1 GI:50746181) based on the chicken (jungle fowl) genome sequence. Compared with the nucleotide sequence that we assembled in silico, based on the publicly available chicken EST database, the ORFs of both sequences were almost identical but the EST-based sequence was about 200 bp longer in the 3′ non-coding region. The chicken CpE gene consists of nine exons, as is also the case in humans. The predicted chicken CpE protein sequence consists of 469 amino acids and shows 87%, Bars 25 μm 87%, 88%, and 90% homology with rat, mouse, human, and bovine CpE, respectively. The C-terminal sequence of CpE, which serves as an anchor to the membrane of secretory granules, is perfectly conserved between birds and mammals. The major portion of the chicken CpE protein structure consists of a Zn_pept domain (residues 168-458). This domain is conserved in many other members of the carboxypeptidase protein family in mammals (Rawlings and Barrett 1995) . The highly conserved CpE sequence between species suggests a conserved function and distribution of this molecule. Preliminary RT-PCR experiments have demonstrated the expression of CpE mRNA in human thymus (data not shown).
Immunofluorescent dual-staining has clearly demonstrated the co-localization of CpE and CgA in chicken thymus. Importantly, this evidence suggests that, in the chicken thymus, some of the locally produced neuroendocrine molecules are processed and released through the regulated secretory pathway. This, in turn, implies that an extra-cellular specific stimulus is responsible for the release of neuropeptides under the proper physiological conditions. In addition, we have shown that some CpE-positive cells co-localize with somatostatin, a classic neuroendocrine peptide, in chicken thymus, indicating that CpE is involved in the maturation of pro-somatostatin (Fig. 6) . Furthermore, we have also revealed that CpE is expressed in chicken thymus at both an early and an older age and in broilers and laying hens (Fig. 7) , suggesting that CpE-positive neuroendocrine cells play a role in many different stages of the thymic microenvironment. The detailed functions of CpE, such as differential hormone sorting or regulated secretion in these cells of chicken thymus, need further investigation.
As previously described, the CpE-CgA double-positive cells are primarily found in a transition zone between the cortex and the medulla of the thymic lobules. This area is known to contain numerous arterioles and is heavily innervated by the autonomous nervous system (al-Shawaf et al. 1991) . Therefore, we are tempted to speculate that the diffuse neuroendocrine system serves as a relay for nervous stimuli delivered by the sympathetic and/or parasympathetic nervous system and/or humoral factors delivered by the circulation, thereby allowing thymopoiesis to be fine-tuned by a variety of physical and environmental factors (Millington and Buckingham 1992) .
